Context. A wide variety of ring-like dust structures has been detected in protoplanetary disks, but their origin and frequency are still unclear. Aims. To characterize the structure of an extended, multi-ringed disk discovered serendipitously in the ALMA Lupus disk survey and put it in the context of the Lupus disk population. Methods. ALMA observations in Band 6 at 234 GHz and Band 7 at 328 GHz at 0.3 resolution toward the K6 star V1094 Sco in Lupus III are presented, and its disk structure analyzed. The spectral index α mm is determined in the inner 150 AU of the disk. Results. The ALMA continuum data show a very extended disk with two gap/ring pairs. The gaps are located at 100 AU and 170 AU, the bright rings at 130 AU and 220 AU. Continuum emission is detected out to a 300 AU distance, similar to IM Lup but a factor of 5 larger than typically found for Lupus disks at this sensitivity and resolution. The bright central region of the disk (within 35 AU) is possibly optically thick at 1 mm wavelengths, and has a brightness temperature of only 13 K. The spectral index increases between the inner disk and the first ring, at the location of the first gap. Conclusions. Due to the low temperature of the disk midplane, snow lines can be excluded as the drivers behind the ring and gap formation in this disk. Disks the size of V1094 Sco are rare, and only 2.1 ± 1.5% of disks in Lupus show continuum emission beyond 200 AU. Possible connections between the large primordial disk population, transition disks, and exoplanets are discussed.
Introduction
One of the key discoveries of the Atacama Large Millimeter/submillimeter Array (ALMA) has been the unexpectedly wide variety of structures seen in protoplanetary disks, ranging from (asymmetric) dust cavities to multiple rings at a range of radii. These multiple rings have been found in disks around both Herbig Ae/Be and T Tauri stars (Isella et al. 2016; Fedele et al. 2017a; Walsh et al. 2016; van der Plas et al. 2017; Walsh et al. 2014 ; ALMA Partnership et al. 2015; Andrews et al. 2016; Loomis et al. 2017; Cieza et al. 2017; Dipierro et al. 2018; Fedele et al. 2017b) . Of these T Tauri stars, HL Tau, Elias 2-24, and AS 209 are very young objects (< 1 Myr), while the massive TW Hya disk is unexpectedly old (up to 10 Myr). The bulk of the disks imaged in continuum surveys of nearby star-forming regions such as Lupus does not seem to show substructure at 0.2 -0.3 resolution, apart from transition disks with large inner dust cavities (> 20 AU) (Ansdell et al. 2016; Tazzari et al. 2017; van der Marel et al. 2018; Ansdell et al. 2018) .
The existence of multi-ringed disks raises important questions on the evolution of disks, and therefore on planet formation, since dust particles trapped in a ring may grow efficiently without being accreted onto the star (e.g., Pinilla et al. 2012) . Thus, rings can provide the material necessary for possible future planet formation. So far, several mechanisms have been proposed in the literature to generate ring-like continuum structures: (secular) gravitational instabilities, the effect of snow lines of various molecules, dead zones and, most tantalizingly, the presence of already-formed planets in the intervening gaps (e.g., Takahashi & Inutsuka 2014; Zhang et al. 2015; Okuzumi et al. 2016; Flock et al. 2015; Papaloizou & Lin 1984) . Our understanding of the physics behind these multi-ringed disks is limited by the small number of known examples (N = 5 around T Tauri stars), as well as the difficulty of placing them in the context of a well-studied, similar population. Moreover, it is still not clear how common it is for disks to show multiple continuum rings, whether they correlate with stellar or disk parameters, or when in their evolution features like these are most likely to be present.
Another, less obvious structure found in many protoplanetary disks is an intensity profile with a bright central region surrounded by a fainter, extended outer region, resembling a "fried egg". This structure can be seen both in multi-ringed disks, such as AS 209 and HD 163296 (Isella et al. 2016; Article number, page 1 of 12
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A&A proofs: manuscript no. v1094_sco_article_langedit 2017b), and in full disks where no rings have been identified, such as V883 Ori (Cieza et al. 2016 ). In the well-studied case of V883 Ori, the origin of the morphology is due to a steep (spatially unresolved) increase in optical depth at the location of the knee in the intensity profile. This increase may be linked to the presence of a water snowline, inside of which the originally large icy grains fragment into many smaller bare silicate grains. These smaller particles have smaller drift velocities causing a 'traffic jam' and thus a dust pile-up in the inner disk increasing the optical depth (Birnstiel et al. 2010; Pinilla et al. 2015; Banzatti et al. 2015; Cieza et al. 2016 ). More generally, this type of intensity profile must trace the underlying grain properties (number density, composition and size, or both).
In this paper, we present ALMA Band 6 and Band 7 observations of V1094 Sco, a newly-identified giant multi-ringed disk in Lupus. V1094 is a K6 star with a luminosity of 1.7 (1.95) L and an accretion rate of log(Ṁ acc /(M yr −1 )) = −8.12 (−7.7) (Alcalá et al. 2017) . Throughout this article, we take a 150 pc distance to the source, consistent with the latest Gaia distance estimate of 153 ± 1 pc (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018) ; the values between brackets correspond to the published values assuming a pre-Gaia 200 pc source distance. The V1094 disk had previously been recognized as an enigmatic object, in particular by Tsukagoshi et al. (2011) , who inferred from spectral energy distribution (SED) modeling that it was a cold and massive disk. Photometry from the Herschel Space Observatory shows a large far-infrared excess, with an SED classification inconsistent with that of a transition disk (Bustamante et al. 2015) . Previous direct imaging searches for companions, either stellar or of planetary mass, have not found any down to ∼ 10 M J beyond 75 AU (Joergens et al. 2001; Uyama et al. 2017) .
Several key aspects of this disk make it an especially valuable addition to the so far small sample of multi-ringed disks around T Tauri stars: first, the population of Class II Young Stellar Objects in the Lupus clouds is exceptionally well-studied, with a 100% coverage in ALMA Band 6 and 7 continuum at 0.3 resolution and 0.3 mJy beam −1 sensitivity (Ansdell et al. 2016 . 80% of these sources, including all the objects discussed here, also have VLT/X-Shooter spectroscopy data available resulting in accurate stellar types and accretion properties (Alcalá et al. 2014 (Alcalá et al. , 2017 . This enables us to compare the disk and its host star to a large, homogenous sample, and calculate the occurrence rate of this type of object at the age of the Lupus cloud. Moreover, at ∼ 3 Myr, the age of this disk places it in the middle between the young (< 1 Myr) objects, such as Elias 2-24 and HL Tau, and 10 Myr-old TW Hya disk (Wichmann et al. 1997; Sokal et al. 2018) .
In §2, the ALMA observational details are discussed, whereas continuum images showing a bright central millimeter emission core with two outer gaps and rings are presented and analyzed in §3. The availability of data at two frequencies allow the spectral index as function of radius to be determined. The V1094 Sco disk is compared with other similar disk structures in §4.1, and put in the context of the full Lupus disk sample in §4.2, demonstrating that such large disks are rare.
Observations and data reduction
The data presented here are part of the Lupus completion survey (ALMA proposal 2016.1.01239.S, P.I.: S.E. van Terwisga) which aimed to provide data on the sources not previously included in the ALMA survey of Lupus protoplanetary disks (Ansdell et al. 2016 and for which no data at similar spectral and resolution settings were available at the time. The sources included are EX Lup, GQ Lup, RX J1556.1-3655, Sz 102, Sz 76, Sz 77, and V1094 Sco. Our observations cover Band 6 and Band 7 continuum, and the 12 CO 2−1, 13 CO 3−2 and 2−1, and C 18 O 3−2 and 2−1 lines, as well as CN 3 − 2. The Band 6 observations were performed on 7 July 2017, using 44 antennae and 2600 − 16700 m baselines, and a PWV of around 0.64 mm. The sample was observed in Band 7 on 21 May 2017, using 41 antennae and baselines between 1100 m and 15100 m at PWV columns of ∼ 0.7 mm. On-source integration times were 3 and 4.5 min in Band 6 and 7, respectively.
The Band 6 data were flux-calibrated using J1427-4206, and had J1610-3958 as phase-and J1517-2422 as bandpass calibrators. The Band 7 data used J1517-2422 as flux-and bandpass calibrator and J1607-3331 and J1610-3958 as phase calibrator. While no additional flux calibration on Solar-system objects was done, the Band 6 data were observed on the same day as their flux calibrator, and therefore have a small absolute flux error (∼ 10%) typical of ALMA. However, the Band 7 flux calibrator was both highly variable (by a factor of 1.5 in the month following the observations) and not observed close to the date on which our data were obtained. As such, its flux -and therefore the flux calibration of all Band 7 data -is very uncertain, complicating the calculation of spectral indices and disk masses.
Fortunately, the Band 7 data in this proposal also cover GQ Lup, which has previously been observed in that band at high S /N and with excellent flux calibration (on Titan and Ceres) by MacGregor et al. (2017) . In addition to their accurate fluxes (a less than 10% systematic uncertainty is quoted), these authors do not find any evidence for variability of this source at mmwavelengths, retrieving fluxes consistent with previous studies in the 1997−2015 period (Nuernberger et al. 1997; Dai et al. 2010 ). Because our observations covered GQ Lup and V1094 Sco on the same day, it is safe to compare these data with the MacGregor et al. (2017) results to re-calibrate the Band 7 fluxes. This gives a flux ratio of F MacGregor et al. /F this work = 1.3 ± 0.009, which we will implicitly apply to the Band 7 data throughout this paper.
Phase-only self-calibration was used to maximize the S /N of the observations in both bands. The Band 6 data allowed selfcalibration down to the integration interval (6 s), whereas for Band 7 we found useable solutions down to a 15 s interval.
Imaging the continuum data using the CASA tclean task with Briggs weighting with a robust parameter of 0.5, the beam shapes become 0.25 × 0.22 and 0.19 × 0.18 in Band 6 and Band 7 with rms noise values of 0.11 and 0.3 mJy beam −1 respectively for V1094 Sco.
The discussion in this article will focus on the high-S /N continuum observations. Fluxes for the CO (isotopologue) lines can be found in Ansdell et al. (2018) , and CN is discussed in Van Terwisga et al. (in prep.) . The gas emission covers a (very) extended region, so that it is partly resolved-out. Also, the S /N of the line data is low, with just a few minutes of integration time, so they are not useful for a spatially resolved analysis.
Results and analysis
Figure 1 presents the Band 6 and Band 7 continuum images resulting from the data reduction procedure described above. The continuum rings and bright central core are immediately obvious, especially in the Band 6 image. Also evident is the large radial extent of the source, with continuum emission detected up to 300 AU when placed at 150 pc. This is comparable to the radius of the well-known massive IM Lup disk (Cleeves et al. 2016) , one of the largest and most massive disks in Lupus. The full integrated flux (inside of a 2.16 radius aperture, beyond which the image is entirely dominated by noise) in Band 6 is 180 ± 14 mJy, while in Band 7 it is 390 ± 19 mJy. The fluxes and errors here were derived using aperture photometry with a curve-of-growth method to set the aperture radius, identical to the method used in Ansdell et al. (2016 Ansdell et al. ( , 2018 .
The key features are clearly the same in both images: the disk has a large radial extent, with two bright rings superimposed over a fainter, extended continuum, and a bright and at this resolution apparently featureless central region. Like other multiringed disks, V1094 Sco does not show significant azimuthal asymmetries at this sensitivity and resolution. Assuming the disk is indeed purely radially symmetric, fitting a two-dimensional Gaussian in the image plane with the imfit task in CASA led to a beam-deconvolved PA= 109 ± 1.9
• and i = 53 ± 1.3
• , and a J2000 phase center of 16h08m36.17s, -39
• 23m02.87s.
Comparing the Band 6 and Band 7 data in the image plane, however is not entirely straightforward. Due to the lower S /N and worse weather conditions affecting the Band 7 data, the phase-calibration is only partially successful. As a result, the Band 7 phase noise is higher than that of the Band 6 observations. Also, the u, v-plane coverage of the Band 7 data is different. These conditions particularly affect the emission in the North-East and South-West of the disk at ∼ 1 from the disk center, and makes the presence of the rings less obvious. The Band 6 data, on the other hand suffer from a low-amplitude North-South ripple, since the longest baselines are only sampled in a single direction. However, its impact is relatively minimal. Therefore we choose the Band 6 data as the basis for the subsequent analysis.
Disk structure: core, gaps and rings
In order to compare the continuum structure of V1094 Sco with that of other, similar disks around both earlier and similar spectral-type stars, we model the intensity profile using an approach similar to that of Zhang et al. (2016) : the intensity at radius R is considered as the sum of Gaussian contributions, multiplied by a cosine. This model is then Fourier-transformed and fit to the derotated, deprojected data in the u, v-plane, after binning the data to 10 kλ bins. The advantage of this method is that it uses a minimal number of parameters and can easily formally confirm the presence of structures, and precise locations of the brightness maxima and minima. Moreover, it does not rely on a model-dependent temperature profile or assumptions about the dust properties. The u, v-plane data show four local maxima between 0 and 700 kλ; therefore, we use up to n = 4 terms, for a total of 13 free parameters.
In this model, θ is the angular separation from the source center, σ i the width of the ith component, a i its intensity and ρ i the spatial frequency of the cosinusoidal perturbation. No baselines longer than 700 kλ are included in the fit, since the data are noise-dominated beyond that point. A Monte Carlo Markov Chain (MCMC) fitting procedure was used to infer the best fit parameters, using the pymc package. Since the model is degenerate if the ranges for ρ i overlap, their allowed values were restricted based on the location of the peaks in the u,v-plane, but always at least 100 kλ wide in order to sample the full width of each peak. We confirmed that the behavior of the Markov chain was proper, by ensuring the walkers were burnt-in and inspecting their sampling of the parameter space, and checking that the posterior distributions for the parameters showed a single clear maximum. Since we start our model with values for the disk inclination, position angle, and coordinates, derived with the imfit task, the resulting best-fit parameters are conditional on these priors. We confirmed their impact on the resulting fit was minimal by re-running the fitting code with different initial choices of inclination, position angle, and source center within their error bars. Figure 2 presents the resulting model of the intensity distribution for the Band 6 data, with the best-fit values in Table 1 and inferred positions for the gaps and rings in Table 2 . The best-fit ring and gap positions are also shown on top of the Band 6 data in Figure 3 . The results show that our 4-component model is a good description of the data, fitting all local maxima within this baseline range. The parameter values also indicate our description of the disk, as a bright core with an extended outer region featuring two rings, is accurate: the 'core' of the disk is contained within the i = 1 component, having a characteristic radius of 35 ± 2 AU.
In the best-fit model, the two bright rings and two gaps are also present in the image plane, arising from the combination of the various components in Equation 1. They are identified by taking local maxima and minima of I(θ). Taking into account the errors on the fit parameters, the locations of the bright rings become 130 ± 9 AU and 220 ± 16 AU, while the gaps are found at 100 ± 6 AU and 170 ± 13 AU. This closely matches the intensity profile of the disk after deprojecting and derotating in the image plane (see also § 4.1). The best-fit model gives an intensity ratio of 2.3 for the first ring/gap combination and 1.4 for the second ring and gap. It is difficult to constrain the width of the gaps and rings from this fit, as there may be structure at smaller scales that is not probed, due to insufficient S /N at large baselines and the resolution limit. Table 1 (red) and deprojected, derotated and binned u, v-plane data for V1094 Sco (black). Table 2 , superimposed on the Band 6 continuum.
Spectral index analysis
The continuum observations of V1094 Sco show that in both Band 6 and Band 7, the structure is dominated by two azimuthally symmetric regions: the bright, inner 'core' and a fainter, more extended outer disk, where the rings are located. Directly linking intensity to dust properties is difficult, but necessary for tying these observations to models of ring formation. Thanks to the range in frequencies covered by our observations (between 234 and 328 GHz), the spectral index α mm of the continuum emission can be determined. In particular, if the intensity at a given radius is given by I ν = B ν (T )(1 − e −τ ν ) and τ ∼ ν β , then if τ 1 and hν/k B T 1, α mm = 2, while if τ 1, α mm = 2 + β. However, these simple relations only hold in the Rayleigh-Jeans regime. If this does not apply, an extra (negative) temperature-dependent term appears, and values of α mm lower than 2 can occur.
The resolution and sensitivity of our data allow us to determine the spectral index as a function of radius. However, we cannot immediately use the results presented in Figure 1 , since their imaging beam sizes and the u, v-plane coverage of the underlying data differ. To ensure that α mm contains only variations due to actual spectral index variations and image noise, the data were re-imaged with a circular, 0.25 -radius beam, using only baselines with lengths between 17 − 1260 kλ. This is the largest baseline range with which it is possible to cover all the continuum spectral windows in both Band 6 and Band 7. The profile of α mm was subsequently derived by deprojecting and derotating the images in both bands, calculating the value of α mm and its standard error in each pixel, and radially averaging these values. Full maps of α mm and σ(α mm ) are included in Appendix A, but here only the radially averaged profiles will be used. Gap 1 Ring 1 Gap 2 Ring 2 R [AU] 100 ± 6 130 ± 9 170 ± 13 220 ± 16
The uncertainty in α mm at any point is determined primarily by two components: first, the noise properties of the images in both bands, and second, the absolute flux calibration errors in the images.
The image noise consists of the random noise term to α mm which affects each beam separately, but is also affected by residual phase noise. This is particularly relevant for the Band 7 data. Figure A .1 shows that the effect of this type of error does propagate into the α mm -map. However, the result is that the radial spectral index profile becomes much noisier in those low S /N regions where the azimuthal asymmetries are located, which happens at distances beyond ∼ 1 (150 AU). Therefore, we restrict the range of radii over which we discuss the spectral index variations to within this region.
In contrast to the random noise, the absolute flux calibration error adds a constant at all positions. Since our data have been self-calibrated, and the rms phase noise on the shortest baselines is less than 15%, assuming a 10% flux calibration error is appropriate in both bands (ALMA Partnership et al. (2017) ; MacGregor et al. (2017) ; see also § 2). This uncertainty leads to an 0.42 error on α mm . A third source of error, specific to the radial profile of the spectral index, is the impact of our self-calibration models on the resulting image properties. It is difficult to quantify the result of slightly different source models. However, in general, their main influence should be constrained to changes in the steepness of α mm (R) in the bright inner disk region (the inner 38 AU), where the self-calibration's impact is the largest, and -partly -in extra noise in the radial profile.
The profile of the spectral index α mm (R), shown in Figure 4 shows several key features: a low spectral index in the inner disk, and a peak and subsequent drop at the location of the first gap identified in § 3.1. Here we explore these features in more detail.
A cold inner disk
In the inner beam of our observations (dominated by the bright central component with characteristic radius 38 AU in the model fit in § 3.1, see Figure 3 ), the spectral index appears to be consistent with α mm = 2.09 ± 0.03, increasing outward. The dominant source of error in this region is the flux calibration uncertainty in both bands, resulting in an absolute uncertainty in α mm over the entire image of 0.42.
If we assume the emission is in the Rayleigh-Jeans regime, then β 0.5 -a value that can only be reached if the particles have grown significantly, possibly down to gray (β = 0) opacity indicating grains with sizes much larger than the wavelengths of these observations. On the other hand, values for α mm ≤ 2 can be explained if the emission in this part of the disk is optically thick, or if the Rayleigh-Jeans approximation does not apply. In both of these cases, the intensity of the central part of the disk becomes sensitive to the temperature of the dust. The observed Band 6 peak intensity of 0.022 Jy beam −1 in the central 0.25 beam corresponds to a brightness temperature of only 12.9 K if we assume the emission is optically thick. This suggests that the disk midplane could be cold enough for CO to be frozen out within a ∼ 20 AU radius.
To test the hypothesis of an optically thick inner disk, an independent dust temperature estimate is necessary. Previously, a temperature profile for V1094 Sco has been given by Tsukagoshi et al. (2011) , who fit a power-law temperature structure to the disk's spectral energy distribution (SED). In their best-fit
, giving a temperature of 13 K at 20 AU. An additional check of a plausible range of midplane temperatures was done with the physical-chemical disk modeling code DALI (Bruderer et al. 2012; Bruderer 2013) , which was used to perform dust radiative transfer calculations for a set of 45 disk models to obtain their dust temperatures, raytrace their emission, and image the data with the same 0.25 beam used for the observations. These models were based on a parametric surface density structure and dust properties with values in a range that produces a near-to mid-infrared SED similar to that of V1094 Sco. The parameter ranges and sampling for these models are given in Appendix B, Table B.1.
In both approaches, the underlying disk density structure is smooth and does not contain rings or gaps, and both therefore have radially decreasing midplane temperature profiles. In the Tsukagoshi et al. (2011) model, the midplane temperature at 20 AU is 13 K. In the grid of DALI models, we find midplane temperatures of 20 ± 4 K at this radius. The resulting raytraced images of the disk show peak brightness temperatures between 17 and 10 K and a median temperature of 12.7 K, very close to the observed peak temperature. This shows that our observations are consistent with a cold inner disk for V1094 Sco.
An important consequence of the low midplane temperatures predicted by these models is that the midplane CO snowline, which is expected to be around 20 K for pure CO ice (Öberg et al. 2005) , is not or in the most optimistic cases barely resolved. The gaps and rings are located far outside the inner 20 AU, meaning that another explanation for the presence of these features than the influence of a snowline is needed.
If the mm emission in this region is indeed optically thick, this implies that additional substructures could be present in the inner disk, not revealed by these data. High-angular resolution ≥ 3 mm data are needed to probe this region, and will also allow for a large reduction in systematic uncertainty in α mm across the disk.
Radial spectral index variations in the first gap/ring-pair
The high S /N achieved in the image plane in both bands allows us to describe the radial variations of α mm out to a radius of ∼ 150 AU. Crucially, this region contains the first gap/ring pair in the disk, allowing us to place some constraints on the grain properties in these features. As can be seen from Figure 4 , α mm increases from 2.1 ± 0.03 in the inner disk, by ∼ 0.9, towards 3.0 ± 0.2 in the first gap at 100 AU. Subsequently, the spectral index drops by ∼ 0.7 to 2.3 ± 0.3 in the first ring at 130 AU. Some tentative hints of a subsequent increase in α mm can be seen towards the location of the second gap, but are very small compared to the (large) increase in image noise at those radii, and will therefore not be further discussed.
Due to the previously mentioned absolute flux calibration error, two possible interpretations for the behavior of α mm between 20−130 AU can be found. On the one hand, the inner region may be optically thick. In this scenario, the material in the gap is optically thin with a β ∼ 1, consistent with grain growth up to mm sizes in this region (Draine 2006) , and the material in the first ring may be optically thick as well, or, interestingly, have a very low β(∼ 0.3) due to a population dominated by grains with sizes larger than a few cm, even if the emission is not in the RayleighJeans regime.
Alternatively, the entire disk could be optically thin, so that β becomes even higher (up to ∼ 1.4) in the gap, requiring grains in the this part of the disk to be small (µm-sized), while larger grain sizes are found in the rings and central disk. Indeed, in simulations, local pressure maxima in the disk can reproduce both rings and gaps in disks as well as this type of spectral index profile, as shown in, amongst others, Pinilla et al. (2012) .
Intriguingly, similar radial spectral index variations have so far also been identified observationally in both TW Hya and HL Tau (Huang et al. 2018; Liu et al. 2017; ALMA Partnership et al. 2015) , suggesting that this behavior occurs more often in rings and gaps in protoplanetary disks. A decreasing β with radius is also present in HD 163296, although these observations lack the S /N to resolve the rings ).
Discussion

Comparing multi-ringed disks
Besides studying the detailed properties of a single object, the comparison of V1094 Sco with other multi-ringed disks, as well as with other disks in the Lupus star forming region, can provide insight into the mechanisms that drive this peculiar emission morphology.
Despite the small size of the sample of multi-ringed disks found in the literature, there is quite a large spread in the temperatures and luminosities of the stars around which they are found. For example, HD 163296 has an effective temperature of 9333 K and a luminosity of 36 L (Natta et al. 2004 ) while V1094 Sco is both much cooler at T eff = 4205 K and an order of magnitude fainter with L = 1.95 L (Alcalá et al. 2017) .
To facilitate the comparison between other disks in the literature, Figure 5 presents the normalized radial intensity profile of V1094 Sco compared to several other protoplanetary disks. The left panel compares the V1094 disk with two of the other largest and brightest Lupus disks, both around relatively cool stars: IM Lup (T eff = 4350 K) and Sz 98 (T eff = 4060 K) (Ansdell et al. 2016; Cleeves et al. 2016; Alcalá et al. 2017) . The right panel compares disk around V1094 with that of TW Hya, an old, massive, multi-ringed disk around a cool star with T eff = 3800 K (Sokal et al. 2018) , and the previously mentioned Herbig Ae star HD 163296. All radial distances of the Lupus disks have been calculated assuming a uniform 150 pc distance (as opposed to the 200 pc distance, used in Ansdell et al. 2016 Ansdell et al. , 2018 .
Several conclusions can be drawn from Figure 5 . First, it is clear that the continuum emission from V1094 Sco is similar in extent to that of IM Lup (Cleeves et al. 2016) , with the caveat that the IM Lup observations shown here are with a larger beam width of 0.4 , and the outer radius might thus be smaller. This disk also seems to show a continuum break, at similar radii of ∼ 100 AU and relative intensity to V1094 Sco. Such a break is also seen in Sz 98, albeit at a higher intensity relative to the peak flux and a smaller radius (∼ 80 AU). Intriguingly, Tazzari et al. (2017) found ring-like residuals for this disk when fitting it with a smooth decreasing surface density profile, implying there may be additional structure present in this object. The older TW Hya disk, in contrast, is much more compact than the Lupus disks compared here. This source also shows substructure down to much smaller scales, which would not be resolved with the beam used for the other sources, demonstrating that rings in protoplanetary disks are not necessarily limited to the most radially extended objects.
It is illustrative to compare the observed intensity profile of V1094 with that HD 163296 as derived by Isella et al. (2016) . While HD 163296 is more compact than V1094 Sco, the two disks share remarkably similar intensity profiles, with a central core and more extended outer region, which hosts two rings. The more compact central core of the HD 163296 disk is at least in part due to the smaller beam of the Isella et al. (2016) observations (0.2 at a distance of 122 pc).
The difference in ring locations around both stars is significant, since it provides an additional, independent indication that snow lines are an unlikely explanation for the rings in V1094 Sco: in the hotter HD 163296 system, the rings are located further inward. This contrasts with the result in Zhang et al. (2016) , who found an overlap in the (inner) ring and gap of HD163296 and the CO snowline, as well as coinciding rings and CO snowlines in the T Tauri stars in their sample (HL Tau and TW Hya). However, both of these T Tauri disks are much more compact than the V1094 Sco disk.
An alternative explanation for the formation of rings, the presence of a magnetohydrodynamic dead zone, also does not appear to be sufficient. Although the models presented by Flock et al. (2015) , for instance, show a ring and gap at the outer edge of the dead zone, their model does not lead to a double ring structure, such as in these disks. However, the total (gas+dust) column density where the Flock et al. (2015) model predicts a gap and ring is similar (at ∼ 3 g cm −2 ) to that of the best-fit V1094 Sco model of Tsukagoshi et al. (2011) at 100 AU, indicating that one of the rings could be linked to the dead zone edge. Alternatively, the change in turbulence inside the dead zone may be an explanation for the bright inner region of the disk and the 'fried-egg' morphology of the emission. The volatile snow lines, located inside 20 AU, may contribute to the bright inner core region, as per Banzatti et al. (2015) .
A (secular) gravitational instability (GI) or the effect of planets are both plausible mechanisms for ring formation at large radii. Secular GI effects can form rings at 100 AU scales around Solar-like stars (Takahashi & Inutsuka 2014) . Likewise, it is well established that one (or more) previously formed planets of sufficient mass can form gaps and rings of dust in protoplanetary disks (Papaloizou & Lin 1984) ; however, the nature of the planets (their mass, and the number of planets per gap) is difficult to constrain based on these data alone. Observations of V1094 Sco by the SEEDS survey have not led to the detection of a companion (Uyama et al. 2017) ; however, the median sensitivity of those observations is between 4 − 10 M J in the 100 − 300 AU region. This means that even a quite massive planet could easily escape detection using current instruments. Alternatively, perhaps several lower-mass planets are responsible for one or both of the observed gaps.
The occurrence rate of large dust disks
Since our survey of disks in Lupus is -with the addition of this sample from the Lupus completion survey (see § 2) -complete, it is now for the first time possible to place concrete upper limits on the occurrence rate of bright, radially extended disks. Here, we look at the radii of disks based on their mm-continuum emission. Although 12 CO emission is often more extended than the continuum, show that the average ratio Rgas/R dust is within a factor 1.5 − 3 in Lupus. In total, there are 95 Class-II sources in the Lupus clouds. Of these disks, IM Lup and V1094 Sco are by far the most extended with radii up to ∼ 300 AU, assuming a 150 pc distance, with the next largest disk at a radius of ∼ 160 AU. This implies an occurrence rate of 2.1 ± 1.5% for these largest disks.
Given the high surface densities at large radii of disks like V1094 Sco and IM Lup, and the finding of rings in V1094 Sco that could be sculpted by planet-disk interactions, it is interesting to compare the statistics of large disks to the number of massive planets at large orbital radii. Bowler (2016) find an occurrence rate of < 2.1% for planets in orbits between 100 − 1000 AU with masses of 5 − 13 M J , around 5 − 300 Myr-old stars across all spectral types.
In contrast, the number of full (non-transitional) disks in Lupus where continuum emission was detected beyond 100 AU is significantly larger: 8±3.0% of the full population (van der Marel et al. 2018 ). Since we might not detect disks with fainter continuum emission at large radii, this is a lower limit to the actual number of these disks.
If we also consider the Lupus transition disk population, the number of disks with continuum emission beyond 100 AU further increases, to 18 ± 4.3%. However, these transition disks are consistent with clearing by planets interior to the gap radius, which is < 100 AU for the entire sample (van der Marel et al. 2018) . Thus, the transition disk population is not necessarily comparable to the statistics of massive exoplanets in the 100 − 1000 AU interval.
The exoplanet occurrence rates discussed here are, in either case, much smaller than the number of disks with significant amounts of continuum emission at similar radii. However, the statistics of the extrasolar planet population at these orbital radii are very incomplete, especially for lower-mass planets (< 5 M J ) around fainter stars. Thus, it is possible that the discrepancy in the occurrence rate of planets at large orbital radii is due to the disks forming mostly lower-mass planets. Indeed, no particularly massive planets are needed to open detectable gaps at large orbital distances, since the Hill sphere radius increases linearly in orbital distance but only as the third root of mass. Both Isella et al. (2016) and Dipierro et al. (2018) , for instance, find planet masses below 5 M J are sufficient to form gaps in HD 163296 and Elias 2-24 respectively. Alternatively, the large difference in planet detection statistics could be due to significant planet migration moving most of the planets that formed at large distances from their stars to smaller orbits.
Apart from comparing the population of large disks directly to the exoplanet population, relating large primordial disks to the entire Lupus transition disk sample is also informative. Interestingly, although transition disks with large cavities make up 11 ± 3.7% of the disks in Lupus (van der Marel et al. 2018), they are strongly overrepresented in the sample of largest disks: 50% of disks with continuum radii in the upper octile show evidence of central cavities in their continuum emission. This led van der Marel et al. (2018) to propose a two-mode evolutionary sequence for protoplanetary disks. In this view, large primordial disks like V1094 Sco and IM Lup are the progenitors of transition disks, while the majority of lower-mass, more compact disks may evolve through a different pathway, either without a transitional stage or as a scaled-down version of the pathway of the large disks. The massive primordial disks may trap dust by some means (possibly through planet-disk interactions, or by some other mechanism), which prevents its inward drift. This leads to the formation of rings and, later, the emergence of a large, possibly multi-ringed, transition disk with a large dust cavity.
In the context of this hypothesis, it is possible to interpret the ratio of large primordial disks to transition disks as an indication of the speed at which this evolution occurs. Since half the disks larger than 120 AU are transition disks at the 1 − 3 Myr age of Lupus, this process should take place on ∼ 1 Myr timescales. Importantly, this means we have a testable prediction for the occurrence rate of large primordial disks in other star forming regions: they should be rarer in more evolved regions, and more common in younger systems, if the absolute rate of evolution across regions is the same. In terms of disk mass, too, it is then expected that the disk mass distribution in more evolved regions is dominated by a small number of transition disks, while younger regions should have an upper mass distribution with mostly large primordial disks. Although statistics across other regions at similar sensitivity and resolution are still lacking, this framework is at least consistent with the observation of several large, multiringed systems in very young systems: HL Tau, Elias 2-24 and AS 209 are all at most 1 Myr old (ALMA Partnership et al. 2015; Andrews et al. 2010; Dipierro et al. 2018; Natta et al. 2006; Fedele et al. 2017b) . However, such young systems tend to be brighter, leading to an observational bias for high-resolution imaging campaigns towards these disks, which in turn results in their overrepresentation in the already small sample of multiringed disks.
Conclusions
In this work the nature of V1094 Sco as a giant, multi-ringed protoplanetary disk is identified for the first time, based on data from the Lupus survey of protoplanetary disks. Analyzing its structure and comparing this disk to the rest of the Lupus disk population allows us to exclude some pathways for ring formation, and provides a possible link to a general disk formation picture.
-Continuum emission from V1094 Sco extends out to 300 AU from the central star, making it larger than the other Lupus disks by a factor ∼ 5, but similar in size to the well-studied IM Lup disk. -Two bright rings are identified at 130 and 220 AU, separated by gaps at 100 and 170 AU, based on a u,v-plane fit of the intensity profile. -Disks with continuum radii of this size (> 200 AU) are rare:
only ∼ 2% of the Class II objects in Lupus are giant disks similar to V1094 Sco. -Radial variations in α mm are consistent with optically thick emission in the bright disk core. The spectral index increases at the location of the first gap, and subsequently decreases again towards the first ring, possibly as a result of efficient grain growth in this ring.
-Based on the temperature of the optically thick emission and on independent disk models, the midplane dust temperature at the ring locations is too low for snow lines to be a valid explanation, while a dead zone would only be expected to cause one ring. However, gravitational instabilities or the presence of planets up to ∼ 10 M J in the gaps cannot be excluded. -The number of primordial disks with continuum emission at radii > 100 AU in Lupus seems to be much larger than the occurrence rate of giant planets with 5 − 13 M J between 100 − 1000 AU. The large disk/transition disk ratio may be a probe of disk evolution, if large multi-ringed disks evolve into (multi-ringed) transition disks with large cavities on ∼Myr timescales. For pure CO ice in typical disk midplane conditions, the freezeout temperature is 20 K (Öberg et al. 2005 ).
